ABSTRACT: Pervious concrete pavements have good drainage and noise reduction capabilities; however, the low freezing-thawing resistance is an intrinsic weakness of pervious concrete. The study mainly focuses on the effects of admixtures on the compressive strength and freezing-thawing resistance of pervious concrete. Five admixtures, including fly ash, silica fume, mineral powder, ethylene vinyl acetate (EVA) latex, and polyethylene fiber were used in the tests, and the effect of 0%, 2%, 5%, 6%, 8%, and 10% weight percentages as a cement replacement in concrete mixtures on the freezing-thawing resistance was studied. The results indicated increase trends in freezing-thawing resistance of the pervious concrete specimens with the admixtures added.
INTRODUCTION
Portland cement pervious concrete, also referred to as porous concrete has a large number of interconnected pores within the aggregate skeleton. Generally, the porosity of pervious concrete is between 15% and 25%, and the initial permeability is typically between 2 and 6 mm/s but can be as high as 10 mm/s (Montes et al., 2005; Tennis et al., 2004) . The primary benefit offered by pervious concrete pavement is the ability to transport large volumes of water through the material structure. However, since the lack of fine aggregates and high porosity in pervious concrete, mechanical strengths and freezing-thawing resistance of pervious concrete is less than ordinary ones (National Ready Mixed Concrete Association, 2004) . So, the serviceability life of this concrete is less than its design life in cold weather climates (Schaefer et al., 2006) . Therefore, poor freezing-thawing resistance is a big obstacle that must be overcome for wide use of pervious concrete pavement in north China. Several studies have been carried out on mechanical properties of pervious concrete (Sonebi and Bassuoni 2013; Agar-Ozbek et al., 2013) . Strength and freezingthawing durability of pervious concrete can be achieved by using small amount of sand and microfibers in the production. The use of various fibers in pervious concrete significantly increases permeability while slightly increasing air in pervious concrete and improving its tensile strength (Yang and Jiang, 2003) .
This study is an attempt to find efficient proportions of admixtures to enhance the freezing-thawing performance of pervious concrete. Laboratory tests are conducted to demonstrate the effects of five admixtures on the compressive strength and freezing-thawing resistance of pervious concrete are evaluated. The admixtures with different percentages of cement replacement in concrete mixtures are analyzed in this study.
TEST MATERIALS AND PROCEDURE

Pervious concrete
Pervious concrete mixtures were prepared using ordinary Portland cement and coarse aggregates. The aggregates were composed of limestone rubbles with size between 4.75 mm and 9.5 mm, and the physical indexes are listed in Table 1 . The pervious concrete mixture is designed for three target porosities, i.e. 15%, 20% and 25%. The mix design method used in this study is presented in authors' previous study (Cui et al., 2015) . The mixtures were prepared using a laboratory mixer, and specimens were cast in the 400 mm × 100 mm × 100 mm molds and demolded after 24 hours. Specimens were placed in a standard curing room for 28 days. In this paper, five admixtures were added separately, i.e., fly ash, silica fume, mineral powder, ethylene vinyl acetate (EVA) latex, and polyethylene fiber, the quantity of admixtures is presented in Table 2 as the mass percentage of replacement of cement. Pervious concrete with target porosity 20% was regarded as the control group, 19 groups of specimens were prepared. 
Permeability coefficient test and Mechanical property test
As permeability coefficient is an important characteristic of pervious concrete, it was measured using the improved method introduced by Cui et al. 2015 .
The compressive strength was measured in accordance with the "Chinese Standard Test Method for Mechanical Properties on Ordinary Concrete" (GB/T 50081 -2002).
Freeze-thaw test
As pervious concrete is a new type of material, the test method of pervious concrete freezing and thawing performance has not been established, therefore, ASTM C666 / C666M-15, Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing has been used in this study. Freezing and thawing test of permeable concrete is divided into fast freezing method and slow freezing method, fast freezing method was used in this experiment, the time of single freeze-thaw cycle was 4 h, and the melting time of freeze-thaw cycles could not be less than 1/4 of total time. The minimum temperature of freezing was -18±2℃, the maximum temperature of melting was 4±2℃, kept the surface of the water 20-30 mm higher than the top surface of specimen during the soaking. As the freeze-thaw cycle test carried out, the appearance of pervious concrete specimen was checked once every 25 cycles, the weight and the elastic modulus of the specimen were also measured. Kept on the experiment until the mass loss exceeded 5% or the modulus of elasticity lost more than 40% (less than 60% of the initial value).
As the surface runoff can pass through connected porosity into roadbed and perforated pipe quickly, the permeable concrete pavement would hardly be completely immersed in water, but the test condition is stricter than normal condition, the performance of pervious concrete under extreme conditions can be reflected by this experiment.
RESULTS AND DISCUSSIONS 3.1 Basic physical properties of pervious concrete
The average permeability coefficient and compressive strength of specimen obtained before freezing and thawing cycles are presented in Table 3 . According to "Chinese Technical Specifications for Pervious Concrete Pavement" (CJJ/T 135-2009), the permeability coefficient of pervious concrete used in engineering should be greater than 0.5 mm/s. Table 3 shows that the average coefficient of permeability of the components ranges from 2.04 mm/s to 2.25 mm/s, and the average compressive strength is between 20.6 MPa and 25.1 MPa, both of them meet the requirements of CJJ/T 135-2009. 
The macroscopic damage of pervious concrete
According to the tests, there are three obvious macroscopic failure steps for pervious concrete specimens during the freezing and thawing test (as shown in Fig. 1 ). First, coarse aggregate and cement paste separates; second, coarse aggregate and cement paste loss; finally, macroscopic cracks appears.
Compared the failure mode of the permeable concrete with the ordinary concrete under the freeze-thaw cycle, it can be found that for the ordinary concrete specimens, the surface layer begins peeling and damage gradually increases with the increasing of freeze-thaw cycle. However, due to lack of fine aggregates, the surface layer failure process of pervious concrete was not obvious. With the increase of freeze-thaw cycles, the macroscopic failure mode and development process of pervious concrete are similar to that of ordinary concrete. During freeze-thaw cycles, there is a certain supercooling water and frozen water in permeable concrete, supercooling water migrated as water increases in volume when it gets into freeze, original micro pores in permeable concrete increase in size and new micro pores generate, which results in the instability of bonding layer in permeable concrete or detachment of bonding substances. On the other hand, there is a certain temperature gradient of pervious concrete component, the surface temperature is the lowest while the internal temperature is the highest, which results in frost heave force. The positive and negative temperature alternated frequently, which plays a role like fatigue effect, micro cracks formed by freeze continue to expand, permeable concrete is eventually destroyed. 
Effect of different admixtures on the freezing and thawing cycle performance of permeable concrete
Mass loss and dynamic elastic modulus of pervious concrete added with fly ash, ethylene vinyl acetate (EVA) latex, polyethylene fiber, silica fume, and mineral powder respectively are measured in the freeze-thaw cycle test. Mass loss rate changes during the freeze-thaw cycles are shown in Fig. 2 . The relative dynamic elastic modulus during the freeze-thaw cycles are shown in Fig. 3 to Fig. 7 . 
Effect of fly ash on performance of permeable concrete
As indicated in Fig. 2 and 3 , the mass loss rate of pervious concrete mixed with fly ash is slightly lower than that of control group. The value of dynamic elastic modulus of fly ash group is slightly larger than that of the control group. With the increase of fly ash content, the mass and relative dynamic elasticity modulus loss rate become smaller, which showed that the addition of fly ash has beneficial effects on the freeze-thaw cycles of pervious concrete, and pervious concrete with fly ash ratio of 10% has the best performance on freezing and thawing resistance. From the micro perspective, fly ash particle is a kind of tiny sphere with smooth surface, which fills the small pore of aggregate and the pore between aggregates and cement, fly ash is mainly composed of silica and alumina, second hydration reaction can take place and produces C-S-H gel, then the bond strength is increased.
Effect of EVA latex on performance of permeable concrete
According to Fig. 2 and 4 , compared to the control group, pervious concrete specimens with EVA latex have a lower mass loss and a higher relative dynamic elastic modulus during freeze-thaw cycles. With the EVA latex increased in content, relative dynamic elastic modulus increases in the same freeze-thaw cycle. It can be seen that EVA latex can improve the performance of permeable concrete during freeze-thaw cycles.
Polymer molecules link together to form a polymer network and attach to the surface of the coarse aggregate and the bonding layer, which greatly improve the bonding ability of the bonding layer and enhance the toughness and freezing-thawing resistance ability of the permeable concrete.
Effect of polyethylene fiber on the performance of permeable concrete
According to Fig. 2 and 5, compared with the control group, mass loss of pervious concrete added with polyethylene fiber is significantly decreased before 75 freeze-thaw cycles, during the freeze-thaw cycles, the relative dynamic modulus of elasticity reduces slightly. With the increase of fiber content, mass loss growth slightly reduces, which indicates that the polyethylene fiber can improve the freezing-thawing resistance ability of the pervious concrete.
The porous concrete added with fibers is a multiphase (gas, liquid, solid) and porous material. Polyethylene fiber can help restrain and reduce the generation and development of micro cracks, so it improves the freeze-thaw resistance of permeable concrete. At the same time, there is a remarkable characteristic of polyethylene fiber, its elastic modulus increases with the decrease of temperature. With the improvement of fiber elastic modulus, the ice expansion force can be offset. During freeze-thaw cycles, with the decrease of fiber elastic modulus, the expansion energy can be released. With the addition of fiber, the effect of expansion pressure and seepage pressure produced during freeze-thaw cycles is weakened, and the expansion of fine cracks is reduced. Due to the huge internal pores of pervious concrete, fibers are mostly attached to the surface of the coarse aggregate, therefore with the increasing freeze-thaw cycles, the ability of freeze-thaw resistance reaches a critical point and then quickly weakens. 3.3.4 Effect of silica fume on the performance of permeable concrete As shown in Fig. 2 and 6, compared with the control group, mass loss of pervious concrete added with silica fume is significantly decreased; with the increasing in content of silica fume, the rate of mass loss is reduced. Pervious concrete added with silica fume has a higher relative dynamic modulus of elasticity than that of control group, when the adding amount is 8%, pervious concrete has the least loss of relative dynamic modulus of elasticity.
The experimental results indicate that silica fume is an excellent admixture to enhance the freezing-thawing performance of pervious concrete. The SiO 2 in silica fume reacts with the products of cement hydration reaction and form into C-S-H gel, and particle produced by the hydration reaction would be smaller. Also as the surface of silica fume can absorb water, with the using of silica fume, cracks related with capillary water inside the specimen are decreased in amount, these cracks have thermal expansion and contraction, so it improves the freeze-thaw resistance of permeable concrete. 3.3.5 Effect of mineral powder on the performance of permeable concrete As shown in Fig. 2 and 7 , compared to the control group, mass loss of pervious concrete added with mineral powder is obviously reduced. With the increasing in content of mineral, the rate of mass loss is steadily decreased. Pervious concrete added with mineral powder has a slightly higher relative dynamic modulus of elasticity than that of control group.
Due to the Al-Si ratio of mineral powder and the dissolution of mineral powder in the alkaline materials, pervious concrete added with mineral powder has a good freeze-thaw resistance; mineral powder can greatly improve the grain size distribution of cement and the bonding layer structure of pervious concrete, and enhance the adsorption ability of the acid ion. As micro aggregate of mineral can make cement have good grading, pore structure of bonding layer is improved.
CONCLUSIONS
This study experimentally compared the effects of admixtures on the freezing-thawing resistance of pervious concrete. Five admixtures, including fly ash, silica fume, mineral powder, ethylene vinyl acetate (EVA) latex, and polyethylene fiber were used in the tests. The results indicated the freezing-thawing resistance has been improved for the pervious concrete specimens with the admixtures added. However, the mechanisms are different for each admixtures, for example, fly ash, silica fume and mineral powder can react with the products of hydration reaction, tiny holes between the permeable concrete aggregate and the bonding layer would be filled; while, EVA latex and polyethylene fiber can form connected network structure between coarse aggregates and external adhesive layer.
